Introduction {#s1}
============

Soybean is the fourth largest grain crop in China. In addition, soybean is an important oil crop with high nutritional value. Soybean is extremely rich in soy proteins, which have greater nutritional value than cereal proteins, and it is therefore an important source of plant protein for human consumption \[[@B1]--[@B3]\]. Furthermore, soybean also contains active substances that are beneficial for human health, such as isoflavones, saponins and oligosaccharides \[[@B4]--[@B6]\].

A large portion of the soybean crop in China has been grown by continuous cropping for many years. This practice can be harmful, as it makes plants susceptible to pest damage and adversely affects the physicochemical properties of soil \[[@B7],[@B8]\]. This can eventually lead to substantial reductions (70%--80%) or even total crop failure, which can result in huge losses in soybean production \[[@B3],[@B9]\]. Yield reduction and quality degradation caused by continuous cropping of soybean have become a global problem. Several studies have focused on the mechanisms underlying the adverse effects of continuous cropping \[[@B10],[@B11]\]. Recent studies have shown that continuous cropping of soybean causes substantial changes to the microbial community of rhizosphere soil \[[@B12],[@B13]\]. This practice causes gradual transformation of the soil from "bacterial type" high fertility soil to "fungi type" low fertility soil. In addition, continuous cropping turns neutral soil into acidic soil, which enhances fungal growth while inhibiting the proliferation of bacteria and actinomycetes. This process results in the conversion of fungi into the dominant community \[[@B14],[@B15]\]. Moreover, continuous cropping for many years causes the enrichment of root exudates, such as phenolic acids, in the soil \[[@B13]\]. Studies have shown that when the concentration of phenolic acids is artificially increased in soil, the quantity of fungi in the soil increases exponentially \[[@B16],[@B17]\]. In addition, continuous cropping of soybean causes an increase in organic compound (sugars, amino acids, organic acids) content in soil and promotes the growth of root rot pathogens \[[@B13]\]. Most sterilization techniques for killing spores indirectly leads to the dominance of fungal colonies in continuously cropped soils \[[@B18],[@B19]\].

Arbuscular mycorrhizal (AM) fungus is a type of oligotrophic microorganism that can infect the root cells of plants and form a symbiotic relationship with plants to promote the growth plants. AM fungi have a wide infection range but feature host-specific dynamic \[[@B20]--[@B22]\]. AM fungi in the rhiosphere soil can contribute to the following processes: (1) significantly improve the absorption and utilization efficiency of inorganic nutrient elements in plants \[[@B23]\]; (2) strengthen the adversity and disease resistance of host plants \[[@B24],[@B25]\]; (3) improve the growth environments for host plants; (4) promote community succession; (5) play an active role in ecosystem stability, thereby functioning as a "biofertilizer" \[[@B26],[@B27]\]. Recent studies have focused on the application of AM fungi to crops \[[@B28]--[@B30]\]. The effects of AM fungi on leguminous crops have been confirmed with sterilized pot experiments and by studying plant growth under ecologically damaged conditions \[[@B31],[@B32]\]. Studies have shown that AM fungi can enhance the ability of soybean to absorb nutritional elements while improving both the nitrogen-fixing ability of *Rhizobium* and the colonization structure in the rhizosphere niche, thus increasing yields and economic efficiency of soybean \[[@B33]\]. Nevertheless, there was no study on the diversity of rhizosphere soil AM fungi in various soybean cultivars under different continuous cropping regimes has thus far been reported.

This study was conducted using three typical soybean cultivars with comparatively large planting areas in Heilongjiang Province, China, namely Heinong 37, Heinong 44 and Heinong 48. We analyzed the diversity of rhizosphere soil AM fungi associated with soybean plants (at the branching stage) grown under different continuous cropping schemes using morphological and denaturing gradient gel electrophoresis (DGGE) techniques. Specifically, unweighted pair-group method with arithmetic averages (UPGMA) clustering analysis of the DGGE profiles was performed to evaluate AM fungal community shifts. Our findings provide an experimental and theoretical insights for screening and application of dominant AM fungi present under continuous cropping of soybean.

Materials and Methods {#s2}
=====================

Materials {#s2.1}
---------

Three soybean cultivars with relatively large planting areas in Heilongjiang Province, China were selected for this study, including Heinong 37 (an intermediate cultivar with an average protein content of 40.17% and an average fat content of 20.00%; designated HN37), Heinong 44 (a high-fat cultivar with an average protein content of 36.06% and an average fat content of 23.01%; designated HN44) and Heinong 48 (a high protein cultivar with an average protein content 45.23% and an average fat content of 19.50%; designated HN48). The total protein was determined by Kjeldahl method. The total fat content in soybean is determined chemically by using the Soxhlet extraction method.

Experimental design {#s2.2}
-------------------

This study was performed at the Experimental Station of the Research Institute of Sugar, Industry, Harbin Institute of Technology, China from May to October, 2011. Each soybean cultivar was sown in two fields, one with two years of continuous cropping and one with three. They were designated L2HN37, L2HN44, L2HN48, L3HN37, L3HN44 and L3HN48 to indicate the number of years of continuous cropping and the soybean cultivar. The production management techniques employed in the trial fields were the same as those employed in standard production fields to ensure that the results would have practical significance. Soil-determination of organic matter, nitrogen, Potassium, phosphorus by Ignition method, Kjeldahl method, NaOH melt - flame photometry method, alkali fusion - Mo-Sb Anti spectrophotometric method, respectively. The experiments were repeated in triplicate.

Sampling and treatment {#s2.3}
----------------------

The samples were collected 60 days after planting (at the branching stage). During sampling, soil surface debris were removed, and then a puncher was used to take random samples in the rhizosphere soil to collect root and soil samples. Furthermore, the roots from the same field were mixed evenly, as were the soil samples. The two root mixtures from each soybean cultivar with different durations of continuous cropping were designated RL2 and RL3, while the corresponding soil samples were designated SL2 and SL3. Partial root samples were washed with sterile water and fixed in Formalin -- acetic acid -- alcohol (FAA) fixing solution for observation under a microscope (Nikon TS100, Japan). Prior to microscopy, the root samples were subjected to alkaline lysis and acid fuchsin staining, while the soil samples were air-dried in the shade naturally and stored at 4 °C.

Determining the colonization rates of soybean roots {#s2.4}
---------------------------------------------------

Fifty fibrous root segments were selected randomly from the root samples, stained, mounted on slides and observed under a microscope. AM fungal infection of each root segment was observed, and the colonization rates were calculated. To minimize random error three experiments were carried out in parallel, and average values determined for each set of parallel experiments.

PCR-DGGE {#s2.5}
--------

Root DNA was isolated as described previously \[[@B34]\], and the DNA in soil was isolated using an Soil DNA Kit (Omega, USA) according to the manufacturer's instructions. The nested-PCR reaction procedures and the reaction system were as described previously \[[@B35]\]. In the first amplification, primers GeoA2 (5′-CCAGTAGTCATATGCTTGTCTC-3′) and Geo11 (5′-ACCTTGTTACGACTTTTACTTCC-3′) were used to amplify the fungal 18S rDNA sequence using the following program: initial denaturation at 94 °C (4 min); 30 cycles of denaturation at 94 °C (1 min), annealing at 54 °C (1 min), and extension at 72 °C (2 min); final extension at 72 °C (7 min). The target DNA fragments were confirmed based on their length of about 1800 bp \[[@B36]\].

Product from the first amplification was diluted 1/100 and used as template in asecond amplification using the AM fungal specific primer AM1 (5′- GTTTCCCGTAAGGCGCCGAA-3′) in combination with the universal eukaryotic primer NS31(5′-TTGGAGGGCAAGTCTGGTGCC-3′) \[[@B37],[@B38]\]. This amplification was performed in a thermal cycler programmed as follows: initial denaturation at 94 °C (2 min); 30 cycles of denaturation at 94°C (45 s), annealing at 65 °C(1 min) and extension at 72 °C (45 s); final extension at 72 °C (7 min). The target DNA fragments were about 550 bp ([Figure S1](#pone.0072898.s001){ref-type="supplementary-material"}). Product from the second PCR amplification was diluted 1/100 and used as template in a third reaction using the primers NS31-GC (5′- CGCCCGGGGCGCGCCCCGGGCGGGGCGGGGGCACGGGGGTTGGAGGGCAAGTCTGGTGCC -3′) and Glol (5′- GCCTGCTTTAAACACTCTA -3′) \[[@B39]\]. This amplification step was performed in a thermal cycler programmed as follows: initial denaturation at 94°C (2 min); 30 cycles of denaturation at 94 °C (45 s), annealing at 55 °C (1 min) and extension at 72 °C (45 s); final extension at 72 °C (7 min). The target DNA fragments were about 270 bp ([Figure S2](#pone.0072898.s002){ref-type="supplementary-material"}). All PCR amplification reactions described in this study were conducted in a 50 μL volume of containing 5.0 µL 10 × PCR buffer (with Mg^2+^), 4.0 µL 2.5 mM dNTPs, 1.0 µL primer 1 (10µM), 1.0 µL primer 2 (10µM), 0.2 µL of Taq DNA polymerase, and 2 μL DNA templates. Amplification products were separated by gel electrophoresis on 1.0% (W/V) agarose gel in TAE buffer.

The total of 3.0 μL of the third PCR products of root and soil samples from each soybean cultivar were used for DGGE analysis. The experimental conditions for DGGE were as follows: 8.0% acrylamide (acrylamide: bis acrylamide = 37.5:1), 40% to 65% denaturant (100% denaturant was 40% formamide and 7 mol·L^-1^ urea), electrophoresis temperature 60°C, electrophoresis voltage 130V, electrophoresis time 9 h and silver staining for 15 min.

Analysis of DGGE results {#s2.6}
------------------------

Ecosystem diversity is often indicated by the abundance, dominance and diversity indices of samples \[[@B40]\]. The abundance and dominance of DGGE bands were compared using Gel-Pro Analyzer 4.5 (Media Cybernetics Company, USA), and the diversity index was calculated with the following formula:

### Abundance: representing the number of bands in each lane on the DGGE image {#s2.6.1}

Diversity index (*H*): comprehensive value reflecting the richness and evenness of a species, expressed by the Shannon-Weiner index. The larger the *H* is, the higher the diversity of the ecosystem.
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where S is the number of bands on the sample DGGE fingerprint image and P~i~ is the dominance of the *i* ^*th*^ band.

Sequencing and cluster analysis {#s2.7}
-------------------------------

Selected bands on the DGGE gel were excised and amplified according to the third nested-PCR reaction system and reaction procedure using the recovery solution as template. The PCR products were ligated to the pGEM-T vector (Tiangen, GER) and transformed into *E. coli* DH 5 (AS, CHN) competent cells. The positive clones were screened, reamplified and analyzed once more using DGGE to verify that the DNA segment inserted into the plasmid was a single-band DNA. Positive clones complying with the DGGE detection requirements were selected for sequencing. The sequencing results were submitted to the GenBank database for BLAST comparison to retrieve sequence information from related species. All nucleotide sequences retrieved in this study were deposited in the GenBank database: JX183559 and JX203231-JX203245. Phylogenetic analysis was performed using DNAMAN 7.0 (Lynnon Biosoft, USA) based on neighbor-joining method. Bootstrap resampling analysis for 1000 replicates was performed to estimate the confidence of tree topologies. UPGMA clustering analysis of the DGGE profiles were performed using GelCompar II software (Applied Maths, BVBA, Sint-Martens-Latem, Belgium).

Results {#s3}
=======

Physicochemical parameters of the analysed soils {#s3.1}
------------------------------------------------

The major physicochemical properties of the experimental soils were as follows: organic matter 26.13 g·kg^-1^, total N 1.69 g·kg^-1^, total K 25.4 g·kg^-1^, total P 5.5 g·kg^-1^, alkali-hydrolyzable N 133.1 mg·kg^-1^, available P 13.14 mg·kg^-1^, available K 206 mg·kg^-1^ and pH 7.0.

The effect of continuous cropping duration and soybean cultivar on the colonization rate of AM fungi {#s3.2}
----------------------------------------------------------------------------------------------------

The colonization rates of AM fungi in soybean at the branching stage subjected to different years of continuous cropping were analyzed statistically ([Figure 1](#pone-0072898-g001){ref-type="fig"}). According to the data shown in [Figure 1](#pone-0072898-g001){ref-type="fig"}, the colonization rate of AM fungi in soybean under three years of continuous cropping at the branching stage was higher than that under two years of continuous cropping, suggesting that increasing the duration of continuous cropping was beneficial for the colonization of AM fungi in soybean roots. This naturally led to an increased colonization rate of AM fungi in the soybean roots.

![Colonization rate of AM fungi in soybean subjected to different durations of continuous cropping.\
Error bars represent one standard error. Capital and lower-case letters in the same column indicate the significant difference levels *P* \< 0.01 and *P* \< 0.05, respectively.](pone.0072898.g001){#pone-0072898-g001}

According to the data shown in [Figure 1](#pone-0072898-g001){ref-type="fig"}, when the continuous cropping years of samples were the same, the colonization rates of AM fungi differed depending on the soybean cultivar; HN48 had the highest colonization rate among the cultivars tested. The percent of AM infection in HN37 and HN48 were significantly different (*P* \< 0.05), as shown in [Figure 1](#pone-0072898-g001){ref-type="fig"}, and that of HN44 differed quite significantly (*P* \< 0.01) depending on the years of continuous cropping, according to variance analysis. The three cultivars (*P* \< 0.05) were significantly different, according to variance analysis of the cultivars. Therefore, the years of continuous cropping and the soybean cultivar both had substantial effects on the colonization rate of AM fungi in soybean roots. However, the years of continuous cropping had quite significant effects on the colonization rate of AM fungi in soybean roots.

DGGE analysis of root/soil samples at the branching stage {#s3.3}
---------------------------------------------------------

The PCR products of the NS31/Glol region from root and soil samples of three soybean cultivars were subjected to DGGE analysis. The bands were well-separated, exhibiting different DGGE fingerprinting characteristics and brightness ([Figure 2](#pone-0072898-g002){ref-type="fig"}), suggesting that the AM fungal community structures were different in all samples. A total of 16 bands (M1-M16) with excellent separation and a high frequency were excised, amplified and subjected to further DGGE analysis to verify that the DNA segment inserted into the plasmid was single-band DNA. The positive clones were then sequenced.

![DGGE image of root and soil samples from different soybean cultivars at the branching stage.\
1: HN37, root sample, two continuous cropping years; 2: HN37, root sample, three continuous cropping years; 3: HN44, root sample, two continuous cropping years; 4: HN44, root sample, three continuous cropping years; 5: HN48, root sample, two continuous cropping years; 6: HN48, root sample, three continuous cropping years; 7: HN37, soil sample, two continuous cropping years; 8: HN37, soil sample, there continuous cropping years; 9: HN44, soil sample, two continuous cropping years; 10: HN44, soil sample, three continuous cropping years; 11: HN48, soil sample, two continuous cropping years; 12 : HN48, soil sample, three continuous cropping years.](pone.0072898.g002){#pone-0072898-g002}

Phylogenetic analysis {#s3.4}
---------------------

After sequencing, the DNA sequence fragment lengths of all 16 bands were approximately 234 bp. The sequences were submitted to GenBank and compared with homologous sequences. The homologous sequences were all highly similar, with most levels of similarity greater than 97%. The strain represented by the M15 band did not belong to AM fungi, indicating that sequences other than those of AM fungi were also amplified with the NS31/Glo1 primers of 18S rDNA, which suggests that these primers lacked specificity to a certain degree. The community represented by the other 15 bands belonged to AM fungi. The community represented by M2, M8 and M11 shared more than 98% of sequence similarity to *Funneliformismosseae*; the other 12 bands shared comparatively high similarity with *Glomus* spp., including the community represented by M6 and M12, which shared up to 99% of sequence similarity to *Glomus viscosum* and *Glomus versiforme*. According to the sequencing results, the dominant populations of AM fungi in the rhizosphere soil microbial community structure were mainly presented by *Glomus* and *Funneliformismosseae*.

A phylogenetic tree was constructed by performing multiple comparisons between the sequences derived from DNAMAN 7.0 and known sequences of most similar strains from the GenBank database ([Figure 3](#pone-0072898-g003){ref-type="fig"}).

![The 16 DGGE sequences and the phylogenetic tree of their closely related species.\
Phyogenetic tree showing the relatedness of the 18S rDNA NS31/Glo1 domain sequences and other related taxa. Bootstrap values (expressed as percentages of 1000 replications) greater than 80% are shown at branch-points. Bar, 0.05 substitutions per nucleotide position. M1-M16: Sequences obtained from the 16 bands in each lane on the DGGE fingerprints.](pone.0072898.g003){#pone-0072898-g003}

The data in [Figure 3](#pone-0072898-g003){ref-type="fig"} show that 16 bands from the DGGE image sequencing primarily included three types of community, the first two of which were dominant AM fungi populations in the sample. The first community was *Glomus*, which included the *Glomus* genus and *Glomus versiforme*; the second community was *Funneliformismosseae* and the third community was Sarcosomataceae.

The effects of continuous cropping on the AM fungi population structure in different soybean cultivars {#s3.5}
------------------------------------------------------------------------------------------------------

Statistical examination of the abundance of three soybean cultivars showed that the abundance of each cultivar with three years of continuous cropping was higher than that with two years, indicating that increasing the duration of continuous cropping was beneficial for increasing the abundance of AM fungal community. Variance analysis showed that the abundance of AM fungal community among cultivars subjected to the same duration of continuous cropping significantly differed ([Table 1](#tab1){ref-type="table"}). For example, HN37 and HN48 in SL3 were not significantly different, but both were significantly different from HN44, suggesting that AM fungal community were abundant in HN44 in the rhizosphere soil of soybean at the branching stage in plants subjected to three years of continuous cropping.

###### Variance analysis of the effects of different years of continuous cropping on AM fungal community abundance among soybean cultivars.

  Sample No.   HN37   HN44   HN48
  ------------ ------ ------ ------
  RL2          6a     9c     8b
  RL3          11c    10b    9a
  SL2          9a     12c    10b
  SL3          12a    13b    12a

Note: Lower-case letters in the same line indicate the significant difference level *p* \< 0.05.

Statistical analysis of the diversity indices of three soybean cultivars in both root and soil samples showed that Shannon-Wiener indices were all higher than those of cultivars subjected to two years of continuous cropping, indicating that continuous cropping is beneficial for increasing the diversity index of AM fungal community. Variance analysis showed that the diversity indices of AM fungi community in the rhizosphere soils of different soybean cultivars (at the branching stage) under the same continuous cropping scheme were significantly different ([Table 2](#tab2){ref-type="table"}). HN44 and HN48 in RL2 were not significantly different, but both were significantly different from HN37, suggesting that AM fungi community had a larger diversity index in HN37 roots, and these AM fungi had a more complicated structure under these conditions.

###### Variance analysis of the effects of different years of continuous cropping on AM fungal community diversity index among soybean cultivars.

  Sample No.   HN37         HN44          HN48
  ------------ ------------ ------------- -------------
  RL2          2.51±0.01a   3.15±0.02bc   3.06±0.02b
  RL3          3.53±0.02a   3.53±0.02a    3.55±0.02ab
  SL2          3.52±0.03a   3.82±0.03c    3.56±0.03ab
  SL3          3.63±0.03a   3.86±0.03c    3.70±0.03ab

Note: Lower-case letters in the same line indicate the significant different level *p* \< 0.05.

UPGMA cluster analysis based on DGGE profiles showed that the AM fungal communities were clustered into six groups: Group Ⅰ contained root samples L2NH37 and L3NH37. Group Ⅱ contained root samples L2HN44 and L3HN44. Group Ⅲ contained root samples L2HN48 and L3HN48. Group Ⅳ contained soil samples L2NH37 and L3NH37. Group Ⅴ contained soil samples L2HN44 and L3HN44, which had the lowest similarity. Group Ⅵ contained soil samples L2HN48 and L3HN48 ([Figure 4](#pone-0072898-g004){ref-type="fig"}). It revealed that the AM fungal communities structures were significantly affected by soybean cultivars, cropping duration and micro-habitats: soil or roots. The AM fungal communities are cultivar-specific and dependent on the cropping duration.

![UPGMA cluster analysis of DGGE profiles for root and soil samples from different soybean cultivars at the branching stage.](pone.0072898.g004){#pone-0072898-g004}

Discussion {#s4}
==========

The failure to produce pure AM fungi cultures is the greatest obstacle for investigation of this system. Recently, the application of PCR-DGGE techniques to microbial ecology studies has led to substantial progress in the study of AM fungi \[[@B41]\]. In the current study, we explored the effects of continuous cropping duration on the colonization rate and microbial community structure of AM fungi in roots and rhizosphere soils of different soybean cultivars at the branching stage using morphological and PCR-DGGE techniques. The results of this study reveal the influence of continuous cropping duration on the AM fungi of soybean cultivars and the dominant AM fungi on different soybean genotypes at the branching stage, providing a theoretical foundation for research examining the relationship between AM fungal inoculants and soil-borne pathogens under continuous cropping conditions, as well as studies leading to new agricultural production guidelines. However, intrinsic problems with the PCR-DGGE technique have limited its application. In this study, the non-AM fungal band M15, which shares up to 91% similarity with that of Sarcosomataceae fungi, was amplified. Furthermore, some studies have shown that the AM primer cannot amplify AM fungi in Archaeosporaceae and Paraglomaceae \[[@B42]\]. Similar finding was obtained in the current study \[[@B43],[@B44]\]. In addition, DGGE fingerprinting approach also has limitations. Shannon-Wiener index calculated for the DGGE profiles underestimates sub-dominant and low-number species.

The physicochemical properties of soils are important factors that affect AM fungal colonization. Continuous cropping of soybean can lead to changes in soil nutrients, soil microorganisms, soil enzyme activities and other factors \[[@B45]\]. Although these changes are not beneficial for the growth of crops such as soybean, resulting in the continuous cropping obstacle, a variety of changes in the rhizosphere soil environment are beneficial for the growth of AM fungi. Continuous cropping can lead to an imbalance in rhizosphere soil nutrients, some of which are in short supply and are essential for soybean growth. This type of environment indirectly increases the colonization rate of AM fungi in soybean roots, thus improving the antagonism effects of AM fungi on the continuous cropping obstacle. Moreover, abiotic parameters and seasonality are important factors that influence AM communities \[[@B46]\]. Schultz reported that AM fungi differ in their seasonality, with some fungi sporulating in late spring and others sporulating at the end of summer \[[@B47]\]. In this study, AM fungi in the soil of a crop grown under different continuous cropping durations exhibited different colonization rates. The colonization rate of AM fungi in HN37 at the branching stage that were subjected to three years of continuous cropping was higher than that grown under two years of continuous cropping, while the diversity index of AM fungi showed similar results, suggesting that continuous cropping of soybean is beneficial for the growth and colonization of AM fungi. This result may be associated with the transition of soil microbial community structure from "bacterial type" to "fungal type" due to the increase in the duration of continuous cropping in such fields. The more barren the soil was, the more efficiently the AM fungi formed mycorrhiza. Furthermore, the results of our study showed that AM fungi community structures in the rhizosphere soils were significantly different among different soybean cultivars at the branching stage. The root-colonized AM fungi were also different, suggesting that AM fungi have different colonization rates among different soybean cultivars. Therefore, it is important to consider differences in the AM fungal community in rhizosphere soils of different soybean cultivars. The function of AM fungi in promoting plant growth must be fully exploited to reduce damage to soybean production caused by continuous cropping.

Supporting Information
======================
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**Second PCR amplification results from root and soil samples of three soybean cultivars.** M: DL2000 Marker; 1--2: HN37 root samples PCR; 3--4: HN44 root samples PCR; 5--6: HN48 root samples PCR; 7--8: HN37 soil samples PCR; 9--10: HN44 soil samples PCR; 11--12: HN48 soil samples PCR.

(TIF)

###### 

Click here for additional data file.

###### 

**Third PCR amplification results of root and soil samples from three soybean cultivars.** M: DL2000 Marker; 1--2: HN37 root samples PCR; 3--4: HN44 root samples PCR; 5--6: HN48 root samples PCR; 7--8: HN37 soil samples PCR; 9--10: HN44 soil samples PCR; 11--12: HN48 soil samples PCR.

(TIF)

###### 

Click here for additional data file.
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